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Introduction

Currently, myocardial perfusion imaging,1 particularly
with single-photon emission computed tomography
(SPECT),2–19 is the most widely employed noninvasive
method for the diagnosis and risk stratification of
patients with known or suspected coronary artery
disease. The number of scintigraphic perfusion evalua-
tions done in the United States now exceeds 7 million
per year. The scintigraphic method provides a practical,
noninvasive measure of myocardial perfusion and its
hyperemic response to stress, which is the primary
parameter directly affected by flow-limiting coronary
stenoses and is the common basis of all stress testing
for the diagnosis and risk stratification of coronary
artery disease.20–25 There is significant interest in devel-
oping methods to compete with myocardial perfusion
imaging, yet little is being done to improve the basic
method of perfusion scintigraphy. Because no new
radiopharmaceuticals (the basis for the method) have
been introduced for many years, new methods such as
dynamic cardiac SPECT may offer the only potential to
improve risk stratification in cases of moderate to mild
disease. The use of multidetector SPECT systems is 
producing results26–32 that show that dynamic car-
diac SPECT imaging of agents such as thallium-20126,27

or technetium-99m–teboroxime28–31 can accurately
measure perfusion in myocardial tissue. The results also

show that dynamic imaging may be a more sensitive
measure of ischemia than static imaging of perfusion
agents, and that potentially both perfusion and myocar-
dial viability assessments can be obtained during a
single imaging session.

Developments in dynamic cardiac SPECT draw
heavily on developments in positron emission 
tomography (PET),33–52 in particular, the work that has
been accomplished in modeling the kinetics of per-
fusion of rubidium-82,33–39 N-13-ammonia,33,40–47 and
H2

15O.48–52 Many of the data analysis challenges faced in
dynamic cardiac PET are also encountered in dynamic
cardiac SPECT, but the problems are exacerbated in
SPECT because of more complicated imaging physics
related to attenuation, poor statistics, poor spatial reso-
lution, and poor timing resolution that occur as a result
of the mechanical rotation of the detector. Still, many of
the solutions implemented in PET are applicable to
SPECT. For example, there is the problem of partial
volume effects. This can affect tissue contamination of
the blood input function obtained from a time-activity
curve generated from a region of interest (ROI) in the
left ventricular cavity.53 In PET, researchers have investi-
gated the use of C15O (which remains intravascular due
to hemoglobin binding) to correct for spillover from
tissue to blood.48–51 In these works it is suggested that
an intravascular tracer, such as radiolabeled albumin or
red blood cells, be used to correct for tissue-to-blood
contamination in dynamic SPECT. It also may be possi-
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118 Section II / Instrumentation

ble to include the spillover as an unknown fraction in
the model.54 A second problem is the partial volume
effect that alters the bias of the estimated parameters.
Based on the work of Hutchins and colleagues,55 we
were able to develop a strategy for sampling the
myocardium in order to minimize the partial volume
effect in SPECT (see Chapter 3).56 An intravascular
tracer can also eliminate partial volume effects in
SPECT,57 much as C15O has been used to estimate tissue
fraction and correct for partial volume effects in PET.58

A third problem is the retention of the tracer in the
blood.53,59 Work in PET, in which measurements of
metabolites of N-13-ammonia in the blood44,45 were
used to obtain more accurate blood input functions,
suggests that these techniques could be applied to 
measuring the retention of Tc-99m–teboroxime in 
the blood. A fourth problem is the effect that results
from input function shape, timing resolution of the
SPECT system, and intervals between samples on 
the bias and precision of the kinetic parameters. In PET,
this set of problems has been investigated in some
detail60,61 and has been addressed in dynamic SPECT as
well.62,63 Another problem in SPECT is that the agent
distribution changes during rotational acquisition.62,64,65

This has motivated us to develop methods that 
estimate kinetic parameters directly from measured
projections.66,67,67A

It was originally hypothesized, based on work per-
formed on a ring-detector SPECT system,68 that
dynamic SPECT imaging and kinetic modeling of the
rapid washin and washout kinetics of Tc-99m–
teboroxime could be used to estimate myocardial blood
flow. Original work with multidetector (three detectors)
systems concentrated on relatively long acquisition
times to obtain estimates of the washout of Tc-
99m–teboroxime from the myocardium. Nakajima and
colleagues69 were the first to use a commercial three-
detector SPECT system to obtain 360-degree tomo-
graphic acquisitions every 1 minute by using
continuous rotation for a period of 15 minutes.
Dynamic reconstructed data of the Tc-99m–teboroxime
washout phase from the heart were obtained and fit to
a bi-exponential function to measure reperfusion after
an ischemic insult. A similar protocol was used by Chua
and colleagues70 to obtain a relative measure of the
washout kinetics. The original work of Budinger and col-
leagues71 demonstrated that a three-detector system
could acquire dynamic cardiac SPECT data of 360
degrees of angular sampling every 5 seconds, which
could then be used to measure the kinetics of Tc-
99m–pertechnetate. Our research27,28,29,31,72,73 built on
this to demonstrate that 5- and 10-second tomographic
acquisitions could be acquired and used to estimate
both the washin and washout of Tc-99m–teboroxime in
canines, using kinetic compartment modeling tech-
niques. This was later demonstrated to be possible in

human subjects.27,32,72,73 Another application of recent
interest is using dynamic cardiac SPECT to measure the
perfusion of Tl-201 and its distribution volume in the
heart. Iida and Eberl24,74 published early on results
obtained from canine studies in which good correlation
of flow values with microspheres was demonstrated.
More recently, we have obtained similar results.27,73 It is
hypothesized that the distribution volume of Tl-201 or
Tc-99m–teboroxime in cardiac tissue is a good indicator
of tissue viability. Preliminary results obtained in our
laboratory are presented in this chapter.

The standard single gamma camera configuration for
SPECT has been supplanted at many institutions by
dual- or triple-detector systems, with dual-detector
systems being most prevalent. However, single-detector
systems are still most common in clinic inventory given
the significant numbers of them acquired by institutions
over the last 15 years. Various four-sided detector
systems have been designed for dynamic SPECT of the
brain, but not of the heart. The Kuhl and Edwards75

device developed 30 years ago for Tc-99m imaging was
followed in 1978 by the Xe-131 imaging system,76

which is capable of 5-second sampling, and more
recently by the four gamma camera system of Kimura
and colleagues.77 Only two ring SPECT systems have
been proposed for cardiac imaging: the Shimadzu
whole-body system78 and the cardiac FastSPECT
system79; but they still are only conceptual designs. 
Currently, most ring systems are dedicated brain
systems80–84 and are housed in research institutions.
The brain FastSPECT system developed at the Univer-
sity of Arizona consists of a hemispherical multiple-
pinhole coded aperture and 20 small (100 ¥ 100 mm
crystal area) digital gamma cameras, which allow multi-
ple simultaneous cone-beam views, thus making feasi-
ble the acquisition of volumetric dynamic images
without any detector motion.84 This group has reported
dynamic tomographic acquisitions with a sampling
interval of 2 seconds. These nonrotating detector
systems are ideal for dynamic SPECT. However, rotating
three-detector systems have been shown to provide
adequate temporal resolution. With new techniques for
data analysis, single-detector SPECT systems may also
produce positive results.

New multigamma camera systems have the mechan-
ical stability and control hardware to allow 360-degree
acquisition of data in 5 to 10 seconds. These systems
allow volumetric imaging, but need not sample at rates
less than 5 seconds because the statistical data available
are still insufficient, even with injections of 1110 MBq
(30 mCi) of Tc-99m to warrant more rapid sampling.
The need to match the shape of the input function to
the frequency response of the myocardium with high
statistics during critical phases (fast variation) of time-
activity curves of the dynamic system makes it difficult
to select both an optimal input function shape and an
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acquisition interval long enough to maximize statistics,
yet short enough to capture the timing resolution nec-
essary to accurately reproduce the time variation in the
time-activity curves. One study62 has shown that longer
acquisition intervals (10, 20, 40 seconds) result in the
most accurate estimates of kinetic parameters when
kinetics are fast, such as during stress. At rest, with low
statistics, a bolus infusion always provides optimal esti-
mates of kinetic parameters. The smallest amount of
bias is observed when utilizing a 10-second acquisition
and the smallest amount of variance is seen when a 
20-second acquisition is used. When the count rates 
are doubled, longer infusions and shorter acquisitions
provide more accurate estimates of kinetic parameters
during a resting state. When kinetics are increased
during stress, longer acquisitions result in better esti-
mates. This indicates that better signal-to-noise ratios
are required in order to estimate fast kinetics. The
major advantage of multiple camera systems is the
improvement in sensitivity that results when more
detector material surrounds the patient. Through the
use of four-detector banks rather than one-detector
banks, the relative sensitivity advantage of PET over
SPECT is reduced from 80 to 20 times for a 7-mm reso-
lution. Another advantage is that multiple detectors
reduce the angular range of motion necessary to
acquire a complete data set. Thus, only a 90-degree
rotation is needed for a four-detector system and 120
degrees is needed for a three-detector system. The dis-
advantage is that multiple camera systems are expen-
sive, and fast rotations are not available on all systems.

In this chapter some of the more recent develop-
ments in dynamic cardiac SPECT with fast data acquisi-
tion are summarized. First, compartment modeling
techniques are discussed. Examples of utilizing a one-
compartment model for dynamic cardiac SPECT are
given. Then, methods for estimating the kinetic param-
eters from dynamic reconstructions are presented. 
Following that an automatic technique for estimating
parametric images at the same resolution of present-
day cardiac SPECT images is presented. This is accom-
plished automatically, whereby the input function is
determined using factor analysis of dynamic structures
(FADS). Finally, results of canine and patient studies are
presented. Specifically, it is shown how dynamic SPECT
may potentially play a significant role in diagnosing
cardiac perfusion, cardiac viability, and myocardial
coronary flow reserve (CFR).

Principles of Tracer 
Kinetic Modeling (see Chapter 1)

Tracer kinetic modeling is used in several areas of bio-
logic research to follow dynamic processes of blood flow,

tissue perfusion, transport, metabolism, and receptor
binding.85–94 The principles are based on the early work
of Fick,85 Stewart,86,87 Hamilton and colleagues,88 and
later that of Kety and Schmidt.89 It was Zierler, though in
the 1950s90 and 1960s,91 who developed equations for
many of these original principles. He formulated general
equations for estimating flow using tracers for both the
inflow injection/outflow technique and the inflow injec-
tion/residue detection technique.94 The latter applies
when external detection is used to measure the time
sequence of tracer content in an organ, like that which
is done with dynamic PET and dynamic SPECT.

PRINCIPLE OF COMPARTMENTALIZATION

The modeling of tracer kinetics relies on the principle of
indicator dilution, whereby models are developed that
compartmentalize the dilution of a measurable tracer
that is introduced in the biological system to be studied
to follow a physiologic or biochemical process of a par-
ticular biochemical substance.93 An appropriate tracer
must be chosen to ensure that it follows the dynamic
process of interest, is measurable, and does not perturb
the process being measured. Upon introduction, the
tracer distributes throughout the sample. Measurements
of the tracer are taken as a function of time.

The compartmentalization is based on a priori
knowledge of structural or configurational information
about the process or the organ system. Based on this
information a compartment model is developed that
gives a mathematical description of the pathways and
dynamic behavior of the tracer in the biological tissue 
of interest. The model is represented by a number of
compartments (volumes where the tracer is uniformly
distributed93) linked together by arrows indicating 
transport between the various compartments. The
amount of tracer leaving a compartment is usually
assumed to be proportional to the total amount in the
compartment. The constant of proportionality (the rate
constant) has the unit of inverse time and denotes 
the fraction of the total tracer that will leave the com-
partment per unit time. The kinetics between com-
partments is described by a system of differential
equations.

For example, suppose you have a blood compart-
ment with concentration B(t) and an extravascular com-
partment with concentration C2(t). The rate equation for
the extravascular space is

(1)

where V2 is the volume of the extravascular compart-
ment, P12 and P21 (in units of cm/min) are the perme-
ability coefficients for flux out of and into the capillary,
respectively, and S (cm2) is the surface area of the cap-
illary in the sampled voxel. Setting k21 = (P21S)/V2 and 
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k12 = (P12S)/V2, the rate constants in and out of the
extravascular compartment are in units of volume per
minute per extravascular volume (V2). Substituting k21

and k12 into Eq. 1, the differential equation describing
the exchange between the intravascular and extravas-
cular compartments can be rewritten as

(2)

where the rate of change in and out of the extravascu-
lar compartment is proportional to the concentration in
the blood and the concentration in the extravascular
compartment, respectively.

The amount of tracer in a volume of tissue can
deviate significantly in value from the chemical concen-
tration in individual spaces if the tracer does not dis-
tribute uniformly within all the spaces in the tissue.
Thus, the distribution volume Vd is defined as the frac-
tional space of volume V2 that a tracer would occupy in
the tissue extravascular space with the same concentra-
tion as in the blood93:

(3)

If we assume equilibrium, we can set Eq. 2 to zero,
which implies that k21B(•) = k12C2(•) or the distribution
volume Vd = C2(•)/B(•) = k21/k12. The definition of the
“partition coefficient” is precisely the ratio of the tracer
concentration in the tissue to that in the blood at equi-
librium. Thus, the distribution volume and partition
coefficient have identical value, but different conceptual
meanings. The term “partition coefficient” implies that
the tracer can distribute throughout the entire tissue
space, but the capillary wall forms a partition such that

V
amount of tracer mL of tissue

amount of tracer mL of bloodd =
( )
( )
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the tracer concentration on the two sides need not be
equal. Whereas, the distribution volume implies that
there is some space within the volume in which the
tracer can distribute. In reality, a tracer does not dis-
tribute uniformly throughout the entire tissue space, nor
does it have the same concentration in tissue as it has
in blood. Therefore, strictly speaking, one should think
of the distribution volume or “partition coefficient” only
in terms of the definition given in Eq. 3.

COMPARTMENT MODELING 
OF CARDIAC PERFUSION

For the perfusion model presented in this chapter that
can be used to follow the dynamics of either Tl-201 or
Tc-99m–teboroxime, it is assumed that B(t) is known,
either by sampling the image-derived reconstruction or
by measuring plasma samples (Fig. 8.1). In this case we
have a one-compartment model (Fig. 8.2) instead of 
a two-compartment model since the kinetics of the
blood compartment are known from an independent
measurement. Thus, the differential equation in Eq. 2
completely describes the kinetics of the model. It is
assumed that the blood concentration measured in the
left ventricular cavity represents the blood concentra-
tion of the particular radiopharmaceutical that is avail-
able to the myocardium.

Each data point from the blood and tissue time-
activity curves represents an accumulation of counts
from the radioactive emissions of the radioisotope over
the acquisition time Dt. The accumulation of counts in
the tissue is modeled as

(4)A t f C t dt f B t dtT k v

t t
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Blood curve

Tissue curve Figure 8.1 Dynamic cardiac SPECT.
Dynamic cardiac SPECT is performed
by using rapidly rotating gamma
cameras to obtain projection measure-
ments, which are used to reconstruct
time-activity curves for a blood region
of interest and tissue regions of inter-
est. Compartment model parameters
are estimated by fitting the time-
activity curves to a mathematical
model.
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where AT is the model of the measured myocardial
tissue activity concentration acquired between the time
tk - Dt and tk in the ROI, fv is the vascular fraction of
blood in the tissue, Dt is the acquisition time of the
tomographic data set, B(t) is the measured activity con-
centration from the blood compartment at time t, C2(t)
is the activity concentration from the extravascular
compartment at time t, and (1 - fv) is the fractional
volume of the extravascular space. The blood activity
concentration B(t) is measured using an ROI drawn
inside the left intraventricular cavity.

The activity concentration C2(t) from the extravascu-
lar compartment is given by the first-order ordinary dif-
ferential equation in Eq. 2, which describes the kinetic
exchange between the blood and the extravascular
space for the compartment model shown in Figure 8.2.
If everything is zero at t = 0, the solution to the differ-
ential equation in Eq. 2 is

(5)

The parameters k21 and k12 are the washin and
washout rate constants of the radiopharmaceutical,
respectively. The units of k21 and k12 are (mL/min)/(milli-
liters of extravascular space), but the units of k21 and k12

are commonly stated simply as min-1.
The one-compartment model shown in Figure 8.2

adheres to the following four assumptions: (1) the time-
activity curve of the blood compartment can be mea-
sured independently of the extravascular compartment
of the myocardial tissue, (2) all myocardial tissue
regions exchange with the same blood time-activity
curve, (3) the distribution of the tracer is homogeneous
throughout the ROI, and (4) the tissue ROI contains only
regions from the blood and extravascular compart-
ments. In dynamic cardiac SPECT the kinetic parame-
ters are estimated for multiple three-dimensional

C t k e B dk t
t

2 21

0
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regions in the left ventricular myocardium. The vector
q = ( fv, k21, k12) is used to denote the kinetic parameters,
where fv, k21, and k12 are vectors with components fv

s,
ks

21, and ks
12 denoting each tissue region s.

Comments and references. There is one point of
caution. Even though Tc-99m–teboroxime is highly
extracted on the first pass, the work of Rumsey and col-
leagues95 indicates that extraction from subsequent
passes may be affected by the binding of Tc-
99m–teboroxime to blood cells and plasma proteins.
The effect of this on the bias of the model estimates has
been reported by Smith and Gullberg.53 Here it is
assumed that the percentage of binding is small. Also, it
has been proposed that a two-compartment model is
more appropriate for Tl-201 kinetics and that it is
important to sample blood void of red blood cells to
obtain an accurate input function.74 We also direct the
reader to an earlier chapter96 for examples of applica-
tion of two- and three-compartment models to measure
cardiac glucose and fatty acid metabolism.

Estimation of Kinetic Parameters
with Noisy Input Function

The purpose of parameter estimation in dynamic
cardiac SPECT is to extract mathematically physiologi-
cal information about cardiac function from dynami-
cally measured data. In this chapter the estimation of
the kinetic parameters is considered to be a two-step
process that differs from the one-step approach of esti-
mating them directly from the projections.66,67 Data are
collected using a rotating gamma camera (or cameras;
see Fig. 8.1). For some SPECT systems tomographic
projection sets of 120 projection angles can be acquired
in as little as 5 seconds.29 The projection data are recon-
structed to obtain a time sequence of three-dimensional
reconstructions of the radiolabeled tracer. For the per-
fusion model in the section on Compartment Modeling
of Cardiac Perfusion, it was assumed that a blood input
function can be determined. This function is noisy
because it is obtained either from the reconstructed
images by drawing an ROI in either the atrium or the
left ventricular cavity, or by withdrawing blood and
counting the blood samples in a well counter. A set of
ROIs for the myocardium is usually defined on the
summed image and time-activity curves are generated
for each myocardial tissue region. The time-activity
curves of the blood input and myocardial tissue (see Fig.
8.1) are then fit to a compartment model that repre-
sents the tracer kinetics by using a fitting routine 
such as region of interest fitting (RFIT).97 Some of the
details98 of this process are given in the following 
subsections.

D

Blood
k21

k12

C2(t)

Figure 8.2 One-compartment model for technetium-99m–teboro-
xime. The rate constants k21 and k12 are given in (mL/min)/mL of
extravascular space.
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ESTIMATION OF RECONSTRUCTED
TRANSAXIAL IMAGES

Iterative reconstruction algorithms are used to recon-
struct the dynamically acquired projections in order to
model the attenuation, geometric point response, and
scatter in the projection equations so their effects can
be corrected. Iterative maximum likelihood expectation
maximization (ML-EM),99 ordered subset expectation
maximization (OS-EM),100 and maximum a posteriori
(MAP) expectation maximization (MAP-EM) algo-
rithms101 are used to obtain reconstructions from
dynamic tomographic data sets.

The MAP reconstruction of the image f from projec-
tion measurements g is obtained by maximizing the log
of the a posteriori probability function

(6)

where

(7)

and -(g2/2)f TRf is the log of the prior term with para-
meter g and symmetric positive definite matrix R. At
the solution we obtain an expression for noise propaga-
tion using the fixed-point analysis e = En where n is a
vector of additive projection noise, e is a vector of addi-
tive image noise, and

(8)

The matrix F is the projection matrix and the matrix
Lg is a diagonal matrix of mean projection data values
along the diagonal. The covariance matrix for the recon-
structed values at the solution is given by the approxi-
mation102 cov( f ) ª E cov(n)ET. We usually assume that
cov(n) = Lg. The expression in Eq. 8 leads to the fixed-
point solution for the covariance matrix of the MAP
reconstruction.

Figure 8.3 shows the results for the weighted least
squares reconstructions and the iterative MAP recon-
structions for simulated data with and without noise. It
is obvious from the results that the MAP reconstruction
considerably suppresses the noise. Also, the MAP recon-
struction without noise shows undershoots around the
edge of the myocardium due to the formulation of the
prior as a 3 ¥ 3 smoothing kernel.

ESTIMATION OF KINETIC PARAMETERS

The second step in the estimation procedure is to 
estimate compartment model parameters from time-
activity curves generated from the dynamic reconstruc-
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tions. The projections are reconstructed for each com-
plete dynamic projection data set, creating a set of
three-dimensional reconstructions sequenced in time.
Blood and tissue time-activity curves are generated
from the sequence of dynamic reconstructions. The
reconstruction process correlates errors in the blood
and tissue measurements. Variances of and covariances
between points on blood and tissue time-activity curves
are calculated with use of Eq. 8.103 As shown in the
section on Principles of Tracer Kinetic Modeling, the
compartment model depends on a blood input func-
tion. This function is noisy (has statistical fluctuations)
because it is known only from its measurements of the
dynamic reconstructions. The kinetic parameters are
estimated for each ROI by fitting the measured tissue
data to a model of the dynamic emission tomographic
reconstructions using a noisy input function.98

Figure 8.4 shows the variance time sequences for the
blood and myocardial ROIs and the time sequence for
the negative of the covariance between blood and
myocardial ROIs. The discontinuities in the curves are
the result of changes in the length of the acquisition
interval.

Figure 8.5 gives the results of the fit for the time
sequences generated from the MAP reconstruction with
noise. The background curve (lowest curve) illustrates
that the reconstructed values match well with the simu-
lated data. The background region is all pixels in the
tissue cross section excluding the central myocardial

Figure 8.3 Sampled reconstructed time sequences for simulated
MCAT phantom data. The first row is weighted least squares. The
second row is weighted least squares with noise. The third row is MAP
reconstruction (100 iterations) without noise. The fourth row is MAP
reconstruction with noise.
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blood and tissue regions. Regularization causes a blur-
ring of blood into the tissue. This is reflected in the
increase in fv from the simulated value of 0.150. The
blood fraction increased, thus the tissue fraction has
decreased, which is reflected by a decrease in the
myocardium curve in Figure 8.5. Notice also because of
the negative correlation between blood and tissue
regions, a positive noise increase above the fitted curve
corresponds to a negative variation in the tissue curve
and visa versa.

Comments and references. If a rotating gamma
camera SPECT system is used to measure an injected
tracer, then the detectors (see Fig. 8.1) must rotate fast
enough for the reconstruction to adequately measure
the concentration as a function of time. However, if
during the acquisition of one tomographic data set the
distribution of the tracer in the myocardium changes,
then there is an impetus to develop methods that can
be used to estimate the model parameters directly from
the projections.66,67 In the data analysis, the blood is
usually measured directly from image-derived data (the
reconstructions), but it may be obtained either from
samples of drawn blood or from intra-arterial catheters
shunted for external counting. There are also other pos-
sibilities for defining the input function.96,104,105 Param-
eter estimation is a branch of mathematics and
statistics106–108 that involves the development of
methods that make efficient use of data in the process
of estimating parameters of mathematical models. Also,
the process of parameter estimation involves the inter-
play between experimental design, model specification,
and techniques of data collection.109 Careful statistical
analysis and hypothesis testing of the results provide a
feedback mechanism whereby the model, the data col-
lection protocol, and the parameter estimation process
can be evaluated and modified.

Estimation of Parametric Images

In this section a method is developed for better repre-
sentation of dynamic data that will allow easier and
better interpretation of the results. The method involves
calculation of kinetic parameters for every pixel in the
image, followed by the creation of parametric images,
which are derived from a dynamic SPECT study. The
parametric representation is based on the one-
compartment kinetic model of teboroxime dynamics in
the myocardium. Kinetic parameters are calculated for
each pixel by using a time-activity curve for each pixel.
The parameter values are then mapped to colors or gray
levels and displayed as images. Parametric imaging has
been used previously in cardiac studies to describe thal-
lium kinetics.74 The method was developed with the
goal of automatically creating images of kinetic param-
eters, as is presently done with SPECT images, which
show better contrast between infarcts and normal
tissue and less liver contamination of the inferior left
ventricular wall.

ESTIMATING THE INPUT FUNCTION USING
FACTOR ANALYSIS

One important aspect of creating parametric images is
using the correct input function. It is expected that the
time-activity curves for each pixel are extremely noisy, D
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Figure 8.4 Variance time sequences for the blood and myocardial
ROIs shown in inset figure on the right and time sequence for the
covariance between blood and myocardial ROIs. The discontinuities
in the curves are the result of changes in the acquisition interval. Note,
the negative of the covariance is shown in this plot.
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Figure 8.5 Fit for the time sequences generated from the 
Bayesian reconstruction with noise. The simulated values were k21 =
0.824 min-1 for the washin rate constant, k12 = 0.150 min-1 for the
washout rate constant, and fv = 0.150 for the blood fraction.
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and we found that in order for the method to work a
blood input function had to be smoothed. In the case
where there is a noisy input function and noisy data the
optimization process may not converge to a solution. A
penalized least squares factor analysis of dynamic struc-
tures (PLS-FADS) method110 is used to find the input
function. The factor analysis method gives input func-
tion curves that are smoother than curves obtained 
by ROI measurement methods applied to a series of
dynamic images.

In the factor model of dynamic data it is assumed
that activity in each pixel is a linear combination of
factors F with the coefficients of the linear combination
defined in matrix C. Using this assumption, the
dynamic data A can be written as A = CF + e, with e
being an error in A. The size of A is N ¥ M, where N is
the number of pixels in the image and M is the number
of dynamic images. The matrix of factors F is P ¥ M and
the matrix of the factor coefficients C is N ¥ P, with P
being the number of factors. Put simply, it is assumed
that the image is built from structures that have the
same temporal behaviors. In cardiac imaging such
structures are the myocardium, blood pool, and liver.

A formidable problem in dynamic cardiac SPECT is
the extraction of consistent blood time-activity curves
that are not contaminated by tissue data. The use of a
factor analysis for dynamic structures (FADS) approach
offers improvement over manual ROI selection in
extracting blood time-activity curves from sequences of
dynamic SPECT reconstructions. If C and F are to be
physically meaningful, they must be nonnegative.

However, one major drawback of FADS is that the
solution is not unique when only negativity penalties
are used to determine factors and factor coefficients. A
new method to correct for ambiguous FADS solutions
was developed that penalizes multiple components in
the images of the factor coefficients.110

ESTIMATING PARAMETRIC IMAGES

Parametric images of the heart based on a one-
compartment model can be generated to produce

images of blood fraction, washin (k21), and washout (k12)
parameters for each pixel in the image. In this model
the intensity in the pixel i, Ai

T(tk) is dependent on the
known input blood function B(t) and kinetic parameters
ki

21 and ki
12 by Eqs. 4 and 5 where f i

v is a fraction of the
blood input in a given pixel i. For each pixel in the
image, kinetic parameters are found using RFIT.97 A
three-dimensional 27-pixel smoothing kernel is then
used to smooth each parametric image. The blood input
function can be obtained from the dynamic series by
using the PLS-FADS method.110

IMPROVED LESION CONTRAST AND
REDUCED LIVER INTERFERENCE

Here the application of the method is presented to show
that by using parametric representation of the data, the
contrast between the defects and normal myocardium
in parametric images is improved, and the results are
more quantitative in comparison to images that are
simple sums of reconstructed images.

The PRISM 3000XP (Picker/Phillips) was used to
acquire data for the patient study. A transmission scan
was first performed using a Gd-153 line source and fan
beam collimators with a 65-cm focal length. The emis-
sion acquisition was performed using parallel collima-
tors. The patient was injected with a constant 20-second
bolus of 17.8 mCi of Tc-99m–teboroxime. The emission
acquisition was begun immediately, acquiring 120 pro-
jections over 360 degrees every 10 seconds for a total
imaging time of 15 minutes. A total of 90 sets of tomo-
graphic data were then reconstructed using 25 itera-
tions of the OS-EM algorithm99 (4 iterations, subset size
4) with geometric point response correction and at-
tenuation correction utilizing the attenuation maps
acquired during the transmission scan. Parametric
images of the heart were generated using the optimiza-
tion process described in the section Estimating Para-
metric Images.

Figure 8.6 shows parametric and summed images
(summed between 2 and 15 minutes) of the heart for
the patient study. It can clearly be seen that the contrast

Figure 8.6 Patient parametric im-
ages of the heart. The top row is
short-axis views of images summed
between 2 and 15 min of the study.
The bottom row is parametric images
of k21. The gray window level is
adjusted to maximum for each
image.
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between the defects and normal tissue is improved:
0.42 for parametric and 0.60 for summed, for the large
inferiolateral defect and 0.65 and 0.67, respectively, for
the smaller anterior basal defect. There is much less
interference from the liver in the parametric images
(bottom row) compared to the liver interference in the
summed image (top row). The method tends to increase
the contrast between defects and normal myocardial
tissue in abnormal hearts and reduce the overlap
between the liver and the inferior wall of the left ventri-
cle. With the liver activity removed, the image provides
additional information that may be very useful when
imaging patients whose liver overlaps the inferior heart
wall. More work is needed to determine the degree to
which the method can introduce artifacts.

The significant increase in contrast in parametric
images of the myocardium (in comparison to the
summed images), without any loss in image quality or
resolution, suggests that parametric representation of
the dynamic data is better for enabling diagnosis of
myocardial infarctions. The other aspect of this work is
that the volume of distribution (Eq. 3) for infarcted
myocardium was smaller than for normal tissue. This
could mean that the washin and washout kinetic pa-
rameters are related differently to blood flow. That
would be a bit surprising because it can be assumed
that washin and washout parameters would be in linear
relation to the blood flow because of the diffusive nature
of teboroxime transport. If this is the case the volume of
distribution should be independent of the blood flow.
The lower calculated value in the infarcted myocardium
may also be the effect of teboroxime binding to the red
blood cells, as well as unavailability of the bound
teboroxime for the extraction. This hypothesis must be
studied more closely.

In SPECT images of patients with their livers posi-
tioned close to the heart, the liver may appear to
overlap the inferior wall of the heart, making the diag-
nosis of problems within the inferior wall difficult or
impossible. A very important advantage of using para-
metric images is that the liver interference is reduced.
Liver interference is the main drawback of using Tc-
99m–teboroxime to image the myocardium. Because
the washin of the pharmaceutical into the liver is slower
than for the myocardium, this can be used to an advan-
tage even if the integral uptake in the liver is many
times higher than it is in the myocardium. This can be
seen in the experimental studies presented in this work.
As demonstrated, the influence of the liver contamina-
tion is greatly diminished if parametric representation
of the dynamic data is used.

Comments and references. There are several refer-
ences to previous work using FADS to analyze dynamic
data. The work of Eberl74 is particularly noteworthy. We
developed FADS related to various SPECT applica-
tions.110–113 In one particular study we showed that FADS

is useful for reducing liver interference in cardiac
studies with Tc-99m–teboroxime.113 Wu and col-
leagues112 were able to extract input functions from
dynamic PET studies by using a factor analysis
approach and showed that the results correlated highly
with ROI measurements. Recently, we also investigated
the use of clustering to generate parametric images.73

Estimation of Kinetic Parameters
in Canine and Patient Studies

The aim of nuclear cardiology is to be able to define per-
fusion, viability, and ventricular function from a single
study.114 For several years SPECT has been applied to
static imaging of the heart utilizing perfusion agents
such as Tl-201 and Tc-99m–sestamibi. These, along
with newer agents such as tetrofosmin, are now rou-
tinely used throughout the world. Teboroxime was
approved at the same time as sestamibi, but has not
had widespread use for static imaging because of its
rather unique pharmacokinetic properties. Paradoxi-
cally, there has been very little, if any, activity in the
development of new perfusion agents.114 However, new
imaging techniques such as dynamic SPECT are being
studied in effort to harness more information from
these imaging agents, in particular to effectively image
agents with extremely fast kinetic properties and
demonstrate their usefulness as clinically relevant 
procedures.

Recent imaging studies in animals27–29,31,72,73,96 and
patients,27,32,73 utilizing single- and multidetector SPECT
systems, have shown that dynamic cardiac SPECT
imaging can measure perfusion in myocardial tissue
and may be a more sensitive measure of ischemia than
static imaging with perfusion agents. Canine studies
have demonstrated that Tc-99m–teboroxime has the
potential to quantitatively measure myocardial perfu-
sion.28,29 We demonstrated that the washin parameter
has higher correlations with microsphere measured
myocardial perfusion at baseline and with vasodilata-
tion than it does with the washout parameter.29 In this
work we were also able to evaluate the importance of
attenuation correction in quantifying kinetic model
parameters.28 We also found that the washin parameter
of Tc-99m–teboroxime and the static uptake of Tl-201
both correlated with flow, but the washin parameter of
Tc-99m–teboroxime provided greater contrast than the
Tl-201 uptake.31 We compared static versus dynamic
myocardial perfusion SPECT with teboroxime in
canines using microsphere-derived flow values as the
gold standard and showed that the washin rate pa-
rameter correlated better with flow than static image
intensity in six of seven animal studies.72 We also
demonstrated that dynamic kinetic parameters of Tl- D
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201 provided higher defect contrast, which was more
accurate than the static occluded-to-normal ratios.27

Using clustering to generate parametric images, 
we also have been able to show that parametric images 
of dynamic Tc-99m–teboroxime and dynamic Tl-201
provide better lesion contrast than static images of
uptake.73 In addition, our work includes experimental
comparison of the kinetics of Tc-99m–teboroxime, Tl-
201, F-18-FDG, and I-123-IPPA using dynamic cardiac
SPECT.96 Recently, we studied the effectiveness of
dynamic cardiac SPECT for measuring viability. Similar
observations are emerging as more studies using
dynamic cardiac SPECT are performed on
patients.27,32,73

Here, results are presented of canine and patient
studies evaluating the usefulness of dynamic cardiac
SPECT in the kinetic analysis of Tl-201 and Tc-
99m–teboroxime. Dynamic imaging provides physio-
logical parameters of myocardial tissue and is able 
to utilize tracers with short biological half lives, such 
as Tc-99m–teboroxime. Dynamic imaging may also
provide more versatility for imaging agents such as Tl-
201, which previously have only been used for static
imaging of cardiac perfusion. It may also be useful for
imaging of tracers with fast physiologic turnover, such
as Tc-99m–teboroxime. In the following section we
discuss estimation of cardiac perfusion, cardiac viabil-
ity, and cardiac reserve. It is our hypothesis that kinetic
parameters obtained from dynamic imaging provide
better contrast in perfusion imaging, can provide infor-
mation about cardiac perfusion and viability in a single
study, and in a stress-rest-stress study can quantify
coronary reserve.

ESTIMATION OF CARDIAC PERFUSION

The first objective of the canine studies was to deter-
mine whether the measurement of the kinetics of Tc-
99m–teboroxime with dynamic cardiac SPECT is a
more sensitive measure of ischemia than present static
SPECT imaging with Tl-201. The second objective was
to determine if the measurement of the kinetics of Tc-
99m–teboroxime and Tl-201 could be used to simulta-
neously measure perfusion and viability.

Initial work was performed comparing Tc-
99m–teboroxime dynamic SPECT with static Tl-201
imaging. Estimates of the washin of Tc-99m–
teboroxime were compared to relative intensity mea-
surements of Tl-201 for ROIs in the reconstructed short-
axis slices shown in Figure 8.7. The myocardial tissue
ROIs were drawn in six or seven short-axis slices. Each
region was 7 mm thick and varied in size from 4 to 7
cm3. It can be seen in Table 8.1 that the washin kinetic
parameter correlates well with Tl-201 intensity. Addi-
tionally, washin provides a measure of perfusion times
extraction. This is demonstrated in Figure 8.8, where
estimates of washin are compared to microsphere flow
measurements in the ROIs (corresponding to Fig. 8.7)
for a canine study with occlusion. The results indicate a
strong correlation between Tc-99m–teboroxime washin
and Tl-201 intensity. Both were also shown to correlate
with the microsphere data. The results suggest that esti-
mates of the washin of Tc-99m–teboroxime can provide
relative flow measurements with sensitivity comparable
to that of Tl-201.

Later work was performed in canine cardiac perfu-
sion studies comparing dynamic cardiac SPECT using
Tc-99m–teboroxime and dynamic cardiac SPECT using
Tl-201. Figure 8.9 shows the polar plots for the results.
For both Tl-201 and Tc-99m–teboroxime, the washin
parameters appear to give greater contrast than the
summed data, which more closely represent a static
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Figure 8.7 Diagram indicating the position of the myocardial tissue
regions of interest.

TABLE 8.1

Correlation of Technetium-99m–Teboroxime
Washin to Thallium-201 Static Intensities in
Canine Studies

Canine Study Correlation (Washin to 201TI)

No occlusion
1 0.713
2 0.735
3 0.837

Occlusion
4 0.754
5 0.842
6 0.943
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Figure 8.8 Results from an occluded canine study. A, Microsphere (ms) flow vs. estimates of washin (k21) of Tc-99m–teboroxime from a stress
scan; B, heart region vs. microsphere flow and estimates of washin; C, microsphere flow vs. Tl-201 intensity from the baseline scan; D, heart
region vs. microsphere flow and Tl-201 intensity from the same baseline scan. A three-detector SPECT scanner (PRISM 3000, Picker Interna-
tional, Cleveland, Oh) was used to perform the scans. High-resolution fan beam collimators with a focal length of 65 cm were used. First, the
transmission scan was performed. Immediately following the transmission scan, the stress Tl-201 scan was initiated. A second Tl-201 scan 
was performed at rest. Next, two Tc-99m–teboroxime dynamic SPECT scans were performed. First, a rest Tc-99m–teboroxime study was per-
formed followed by a stress Tc-99m–teboroxime study. At the start of each scan, microspheres were injected to serve as a gold standard for blood
flow.

Ch08.qxd  7/15/04  06:16 PM  Page 127



128 Section II / Instrumentation

acquisition. Comparison of the results for Tl-201 and Tc-
99m–teboroxime was somewhat surprising in that the
Tl-201 washin parameter gave a better contrast than 
the Tc-99m–teboroxime washin parameter (some very
excellent work on dynamic cardiac SPECT using Tl-201
was also performed by Eberl74 and Iida26). Figure 8.10
shows the results in a patient study. Both the Tl-201 (Fig.
8.10A) and Tc-99m–teboroxime results (Fig. 8.10D)
show a defect in the lateral wall. This is also seen in the
polar plots. Increased liver activity is seen in the recon-
structed Tc-99m–teboroxime images. The polar plots
for the washin parameters show more contrast than the
polar plots for the summed data for both Tl-201 and Tc-
99m–teboroxime. In this particular study it appears that
Tl-201 shows the greatest contrast, which may be due to
presence of infarcted tissue, thus resulting in a decrease
in adenosine triphosphate transport of Tl-201.

The study of myocardial perfusion is important in the
study of several cardiac pathophysiologic abnormalities
and provides the basis for therapeutic decisions on how
best to treat such conditions. In addition to being the
primary method for diagnosing myocardial ischemia, it
is also important in the study of alterations in regional
myocardial wall stress, strain, and material properties115;
in the study of the relevance of endothelial dysfunction

to physiologic flow control116; risk stratification that leads
to sound, cost-effective treatment decisions by enabling
clinicians to distinguish between high-risk patients who
would likely benefit from invasive intervention from
low-risk patients who would likely benefit from revascu-
larization117; risk stratification of patients who arrive at
the emergency department with symptoms suggestive
of coronary artery disease (CAD) but have not had
normal or nondiagnostic electrocardiograms118; and
follow-up to revascularization, either through early-
phase testing to demonstrate results of revascularization
or late-phase testing to monitor patients for worsening
CAD in unrevascularized areas (or in distal territories)
and to identify bypass graft attrition.119

The use of stress nuclear myocardial perfusion
imaging for risk stratification has evolved to become an
established tool in the development of management
strategies for patients with known or suspected coro-
nary artery disease.120

ESTIMATION OF CARDIAC VIABILITY (see
Chapters 31–34)

The flow-function relation is important clinically for dis-
tinguishing between conditions such as stunning, in

Microspheres  Microspheres  k21 k21 

Rest

Stress

Summed Summed

  99mTc-teboroxime 201Tl

Figure 8.9 Polar plots comparing dynamic cardiac SPECT using Tc-99m–teboroxime and Tl-201 in a canine study. A canine weighing 30 kg was
studied with the left anterior descending (LAD) artery occluded. The PRISM 3000XP with fan beam collimators (65 cm focal length) was used for
data acquisition. Both transmission and emission acquisitions were performed. The dynamic Tl-201 and Tc-99m–teboroxime studies were
obtained in the sequence: (1) stress Tl-201 (dose = 2.87 mCi), (2) rest Tl-201 study (dose = 1.48 mCi), (3) rest Tc-99m–teboroxime (dose =
22 mCi), and (4) stress Tc-99m–teboroxime (dose = 19.4 mCi). For the dynamic Tl-201 acquisitions 90 full sets of projection images [64 bins
(0.712 cm pixels) ¥64 slices ¥120 angles] were obtained in two stages: the first, 60 frames of 10 seconds each; and the second, 30 frames of 60
seconds each. Adenosine was used to induce stress throughout the scan. For the dynamic Tc-99m–teboroxime acquisition 180 full sets of pro-
jection images [64 bins (0.712 cm pixels) ¥64 slices ¥120 angles] were obtained, each set of projections acquired every 5 seconds. Simultane-
ous with each radionuclide injection, microspheres were injected in the left atrium. The dynamic emission data were processed: First, static
images for Tl-201 were obtained by summing up 20 minutes of the dynamic data beginning 10 min after injection. For 99m Tc-teboroxime 10
minutes of dynamic data were summed beginning 2 minutes after injection. Second, both the Tc-99m–teboroxime and the Tl-201 static and
dynamic data were reconstructed with the OSEM algorithm with attenuation and depth-dependent detector response correction. The blood and
tissue time-activity curves were fit to a one-compartment model using RFIT.97
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which function is depressed without abnormal perfu-
sion, and hibernation, in which flow and function are
both impaired.115 Biopsy specimens taken from hiber-
nating regions show structural degeneration character-
ized by reduced quantities of structural proteins, loss of
myofilaments, and disorganization of the cytoskeleton,
with varying degrees of replacement fibrosis.121 In addi-
tion, apoptotic cells appear to be present and exhibit
severe cellular degeneration.121 Myocardial hibernation
represents an incomplete adaptation to ischemia sug-
gesting that myocardial necrosis will ultimately occur if
blood flow is not restored.122

Not only is perfusion imaging used in evaluating
cardiac viability and in risk stratification of patients for
bypass surgery, but viable myocardium is also evaluated
by studying ejection fraction, wall motion, and wall
thickening of the left ventricular myocardium123–125 or
by studying its metabolic activity.126–128 Gated SPECT is
more often the method of choice for the evaluation of
viable myocardium; which is usually done within a
stress-rest protocol used to evaluate both perfusion and
function simultaneously. However, metabolic imaging
studies have shown that increased uptake of F-18-FDG

is accompanied by a decrease in uptake of the fatty acid
I-123–BMIPP.126 The decreased uptake of the preferred
substrate of fatty acid is evidence of myocardial
ischemia. SPECT imaging of F-18-FDG simultaneous
with Tc-99m–sestamibi has been shown to be useful for
determining viable myocardium even in ischemic
regions.128

Recently, we have been studying the effectiveness of
dynamic cardiac SPECT for measuring viability, specifi-
cally by utilizing quantification of distribution volumes,
which is the ratio of the rate of washin (k21) over the 
rate of washout (k12) of Tc-99m–teboroxime and Tl-201.
A dynamic cardiac SPECT study was performed in a
canine to evaluate myocardial viability and perfusion
following occlusion and reperfusion. Triphenyl tetra-
zolium chloride (TTC) was used for determining viabil-
ity, and radiolabeled microspheres were used as
markers of myocardial blood flow during occlusion and
after reperfusion.

Figure 8.11 shows the polar plots for the results of the
dynamic Tc-99m–teboroxime studies. For one study,
the microsphere data, the washin parameter estimates,
the volume of distribution, and the TTC stained data are D

A C

D E F

B

Figure 8.10 A patient study comparing Tl-201 and Tc-99m–teboroxime under stress conditions: A, reconstructed short-axis slices of the summed
Tl-201 data; B, polar plot for the summed Tl-201 data; C, polar plot for the washin rate parameter for Tl-201; D, reconstructed short-axis slices of
the summed Tc-99m–teboroxime data; E, polar plot for the summed Tc-99m–teboroxime data; and F, polar plot for the washin rate parameter
for Tc-99m–teboroxime. The patient study was performed on the three-detector IRIX SPECT system equipped with parallel-hole collimators. Both
the dynamic Tl-201 and dynamic Tc-99m–teboroxime studies were performed under pharmacologic stress using adenosine. The dynamic Tl-201
study was performed by infusing 3.02 mCi as a bolus. The acquisition consisted of two stages, 60 frames (120 projections/frame) of 11 seconds
each and 60 frames (each 120 projections) of 30 seconds each. In the case of the dynamic Tc-99m–teboroxime study, 19.07 mCi was injected
as a bolus. The acquisition consisted of 90 frames (120 projections/frame) each of 11 seconds’ duration. The data were reconstructed with com-
pensation for attenuation, detector response, and scatter. The summed static SPECT data for Tl-201 were obtained by skipping the initial 10-
minute data and summing the subsequent 15 minutes. The teboroxime static SPECT data were obtained by skipping the initial 100 seconds of
data and summing the subsequent 10 min. Cluster analysis was performed on eight short-axis slices of 0.5 cm to segment regions of interest for
analysis.73 Kinetic parameters were estimated from time-activity curves generated for the ROIs.
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displayed. The washin parameter was used to reflect
blood flow and was compared to the microsphere-
derived blood flows. The volume of distribution was
used to reflect viability. It was found that the micro-
sphere flows were slightly higher in the apical regions
than in the basal regions. It can be seen from the plots
that the volume of distribution correlates with the TTC
data. The results show that a decrease in washout cor-
relates with an increase in TTC staining in the infarcted
region. However, the microsphere-derived flow shows
normal flow in the infarcted region, which correlates

with normal washin rate parameters. This could be due
to a hyperperfusion effect that has been reported in the
literature in those cases where an occluded region has
been reperfused, thus counteracting any reduced
washin where there is presence of infarct, or it could be
due to the fact that the washin of teboroxime is not sig-
nificantly affected by infarcted tissue due to its high
lipophilicity.

Figure 8.12 compares the volume of distribution for
Tc-99m–teboroxime and Tl-201 for one of the canine
studies. It appears that Tl-201 has a large area of

A B C D
Figure 8.11 Canine reperfusion study performed with Tc-99m–teboroxime. Polar maps of: A, microsphere derived flows; B, washin parameter;
C, volume of distribution (k21/k12); and D, threshold TTC data. In this study the LAD artery was occluded for approximately 150 minutes, then the
occlusion was released and flow was allowed to perfuse the previously occluded region for 90 minutes before imaging was performed. The PRISM
3000XP SPECT system with fan beam collimators (65 cm focal length) was used for both transmission and emission imaging. After reperfusion,
a dynamic Tc-99m–teboroxime SPECT study was performed at rest. Approximately 28 mCi (1036 MBq) of Tc-99m–teboroxime was injected
simultaneously with the start of the dynamic acquisition. A dynamic sequence of 180 ¥ 5.6 sec (120 projections/5.6 sec) was obtained during a
total imaging time of 18 minutes. Simultaneous to the radionuclide injection, microspheres were injected into the left atrium. At the conclusion
of the study, the canine was euthanized and the heart was sectioned into approximately six 7- to 10-mm short-axis slices and the slices were
incubated in 1% triphenyltetrazolium (TTC) at 37°C for approximately 15–20 minutes. Photographs of the TTC-stained slices were taken: regions
that were stained red were considered normal, and those that failed to stain were considered infarcted. The dynamic emission projection data
were reconstructed using the OSEM algorithm with compensation for attenuation and detector response. A clustering technique73 was used 
to select ROIs of short-axis slices for which time-activity curves were generated. The blood and tissue time-activity curves were fit to a one-
compartment model using RFIT.97 Parametric images were obtained for the washin (k21) and the washout (k12). The photographed slices were
used to mark the TTC positive or negative regions on the image data and to register the microsphere data to the image data. Infarcted regions
(0) considered were those that were not stained for more than 75% of the region, while the remaining region was considered to be normal region
(1). A polar plot was obtained with 80 angles drawn for each slice and obtaining the intensity (0 or 1) for each region.

A B C
Figure 8.12 Canine reperfusion study comparing Tc-99m–teboroxime and Tl-201. Polar maps of: A, volume of distribution for Tc-99m–
teboroxime; B, volume of distribution for Tl-201; and C, TTC data. The canine was prepared the same as that in Figure 8.11. After reperfusion, a
dynamic Tc-99m–teboroxime SPECT study was performed at rest. Approximately 28 mCi of Tc-99m–teboroxime was injected simultaneously
with the start of the dynamic acquisition. A dynamic sequence of 180 ¥ 5.6 sec (120 projections/5.6 sec) was obtained during a total imaging
time of 18 minutes. Then, a dynamic Tl-201 SPECT study was performed. Approximately 4 mCi of Tl-201 was injected simultaneously with the
start of the dynamic acquisition. A dynamic sequence of 60 ¥ 10 seconds, 30 ¥ 60 seconds was obtained.
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decreased volume of distribution indicating a larger
region of nonviable tissue. We have seen this in other
studies, which indicates that Tl-201 is more sensitive 
to mechanisms of metabolism, such as ATP-mediated
membrane transport. Therefore, Tl-201 may provide a
better contrast between viable and nonviable cardiac
tissue. As can be seen in the previous canine study, the
volume of distribution for both teboroxime and thallium
may be a better measure of viability than the washin
parameter.

There are no well-established processes for deter-
mining how and when to perform viability studies or
how best to assess their benefits.122 Only in a select few
cases does surgical revascularization appear to afford 
a long-term survival benefit for patients with CAD and
severe left ventricular (LV) dysfunction. Data suggest
that viability assessment after myocardial infarction
(MI) may be most beneficial among patients with LV
dysfunction and minimal or no anginal symptoms.
Whereas, viability assessment after myocardial infarc-
tion MI may be relatively less important in patients with
low ejection fraction and severe angina with or without
heart failure, as they appear to benefit from revascular-
ization regardless of viability information, presumably
through prevention of further loss of functioning
myocytes and prevention of fatal ischemic events.129

Thus, the goal of viability assessment is to identify
patients for whom revascularization may potentially
improve LV function. The determination should be
made quickly because data suggest that prompt revas-
cularization of hibernating myocardium will bestow
faster and more complete restoration of LV function.

Noninvasive investigation of the amount of ischemia
in viable myocardium is also an important component
of the diagnostic evaluation of patients with severe LV
dysfunction after MI. In acute myocardial infarction
there are both local and diffuse microvascular conse-
quences of the pathophysiology. Thus, an understand-
ing of the status of the microvascular anatomy as well
as microvascular function is important in evaluation of
viable myocardium.130 One way to accomplish this is to
evaluate coronary flow reserve in viable myocardium.

ESTIMATION OF CORONARY FLOW RESERVE
(see Chapter 26)

The measure of coronary flow reserve (CFR) is becom-
ing recognized as an important indicator of the physio-
logic significance of coronary stenoses as well as several
other cardiac pathophysiologic conditions. CFR may
provide early detection of arteriosclerosis both region-
ally and globally. CFR is defined as the ratio of coronary
flow under maximal drug-induced hyperemia to base-
line flow.131 The measure of relative or absolute CFR has
become an important physiologic parameter for detec-
tion and management of ischemic heart disease.

Routine clinical SPECT imaging provides a simple non-
invasive method for assessing relative regional CFR.132

However, true quantitation of CFR has thus far been
limited to other modalities133–135 that include invasive
methods such as intravascular Doppler ultrasound136 or
noninvasive methods such as transthoracic ultra-
sound,137 magnetic resonance imaging (MRI),138 and
PET.37,46,47 PET with [15O]-labeled water is the noninva-
sive gold standard for obtaining quantitative regional
blood flows52; however, the measurement of CFR has
also been performed by using PET with N-13-
ammonia46,47 and with Rb-82.37 The regional CFR is
computed using the stress/rest ratio of flows calculated
using quantitative compartmental analysis. Evidence is
accumulating that high-resolution, accurate measure-
ments of CFR can be obtained, and may be significantly
more valuable than the relative CFR measurements 
that are obtained with current clinical SPECT methods.
It is anticipated that modified SPECT acquisition and
processing will be able to provide absolute CFR 
measurements.

A recent editorial gives more details, including use of
dynamic SPECT for measuring absolute CFR.32 Specifi-
cally, it was mentioned that Sugihara and colleagues139

presented a noninvasive method of obtaining CFR using
planar and SPECT imaging with Tc-99m–tetrofosmin.
The approach is a “microsphere” method; it is assumed
that the tracer sticks in the myocardial tissue so that
myocardial flow (mL/min/g) can be calculated as the
ratio of the counts in the tissue over the integral of the
arterial concentration of the tracer up to the time of 
the SPECT measurement. Serial planar imaging is per-
formed to obtain images of the first transit through 
the pulmonary artery, which is used to give a measure
of the arterial concentration. SPECT is performed to
provide counts in the region of interest. The method 
is performed both at rest and under induced stress. 
In healthy subjects, a CFR measurement of 1.47 was
obtained. The CFR is significantly decreased in an
infarcted region with a CFR of 1.08 and in an ischemic
region with a CFR of 1.11.

Another approach is to use dynamic cardiac SPECT9

with an agent such as Tc-99m–teboroxime to calculate
CFR. The methods are similar to those used in dynamic
PET. We have calculated both regional and global CFR
measurements in canines and in patients using the ratio
of the washin for adenosine-induced coronary vasodi-
latation (stress) to the washin at baseline flow (rest) as
the CFR measurement. Our regional measurements for
two subjects diagnosed as normal ranged from 1.6 to
2.3 with a global measurement of 1.9. Our results show
that a patient with two-vessel disease had regional CFRs
ranging between 1 and 1.2 with a global CFR of 1.09,
and a patient with three-vessel disease had regional
CFRs ranging between 0.64 and 1.2 with a global CFR
of 0.94. These results are similar to those of Sugihara D
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and colleagues139 but are somewhat lower than those
previously reported by Chiao and colleagues.30 They
reported global CFR measurements (ratio of washin of
Tc-99m–teboroxime at stress to that of rest) in healthy
individuals that ranged from 1.19 to 3.87 with a mean
of 3.44 ± 1.07. PET studies using 13NH3 give even
greater values, as high as 4.3 ± 1.6.42

Comments and references. Thallium-201 is often
considered to be an analog of potassium; however, thal-
lium differs from potassium in a number of characteris-
tics. Thallium-201 has been widely used for cardiac
SPECT imaging because of its somewhat desirable
kinetics and capacity to “redistribute” well. However,
Tc-99m–labeled agents, such as sestamibi,13–16,18,19 have
better photon energy for gamma imaging, shorter half-
life, and reduced scatter. The Tc-99m–teboroxime radio-
pharmaceutical was developed to replace Tl-201 as a
new tracer for imaging myocardial ischemia.9,140–146

Technetium-99m–teboroxime (Cardio-Tec, Bracco,
Princeton, NJ) is a boronic acid Tc-99m–labeled dioxime
(BATO) complex that is stable, neutral, and lipid soluble,
which is more diffusible and has a faster clearance time
from the myocardium (half-life of 10–15 minutes)140

than either Tl-201 or Tc-99m–sestamibi, and has the
least degree of sensitivity to cellular dysfunction. It is
80%–90% extracted in the first pass.140 Dynamic
SPECT will make Tc-99m–teboroxime more useful as a
flow agent and will better use both Tc-99m–teboroxime
and Tl-201 as a marker of viability. Our results29,31 and
those of Iida and Eberl26 demonstrate that Tl-201 corre-
lates well with flow but has a flow times extraction less
than that of Tc-99m–teboroxime, which may be an indi-
cation that the distribution of Tl-201 is facilitated by
active transport and thus indicates that Tl-201 may be
better for evaluating viability than Tc-99m–teboroxime.
The literature is somewhat mixed on whether teborox-
ime is useful for imaging cellular dysfunction,144 but dif-
ferences between Tl-201 and Tc-99m–teboroxime in
classifying infarct and infarct/ischemia are apparent.9

Disadvantages for using tetrofosmin for CFR measure-
ments may be due to the limited extraction of Tc-
99m–tetrofosmin at high blood flow,139 and
tetrofosmin’s interaction with red blood cells and
plasma proteins may create difficulty in obtaining a true
input function. Global CFR is a useful indicator; but in
practice a single number is not useful when vessel-
specific or region-specific CFR measurements are
desired.134 Unfortunately, regional myocardial dysfunc-
tion associated with infarction or regional ischemia may
also impair CFR in remote regions with no presence of
a coronary stenosis.147 A number of disease processes
may impair vascular reserve in small, isolated non-
transmural regions of the myocardium. Current
approaches to assessing CFR cannot effectively identify
CFR changes in the endocardium and epicardium,
although the ability to measure CFR selectively in the

subendocardium may be possible given recent advance-
ments in MRI.138 Another important issue that arises
when applying vasodilators is whether maximum
vasodilatation has been achieved.134 It has been pointed
out that it may be difficult to obtain accurate CFR due to
changes of heart rate at rest.148 The method presented
by Sugihara and colleagues139 works only for radiophar-
maceuticals that act like “microspheres,” which do not
wash out from the tissue from the time of injection 
to the time of measurement. Dynamic cardiac SPECT
works best with radiopharmaceuticals that have high
extraction. Other issues addressed in our studies
include (1) the effect of photon statistics on variability
of estimates of washin,62 (2) the effect of cardiac motion
on parameter estimates,149 (3) the effect of partial
volume on parameter estimates,56 (4) the variability of
flow in the myocardium,150 and (5) input function shape
and image acquisition interval.62

Future Directions

This chapter highlights some of the important compart-
ment modeling and data processing aspects of dynamic
cardiac SPECT (for fast data acquisition).

1. In dynamic cardiac SPECT the principle of tracer
kinetics is used to extract kinetic parameters of 
compartment models that describe the pathways
and dynamic behavior of tracers in cardiac tissue.
Defect contrast is better evaluated with washin para-
meters obtained from dynamic Tc-99m–teboroxime
and Tl-201 data and compartmental modeling
methods.

2. Kinetic modeling of dynamic SPECT data involves a
complex multivariable nonlinear estimation
problem.109 Iterative reconstruction algorithms are
usually performed to reconstruct each dynamic
three-dimensional distribution. The algorithms
correct for attenuation, scatter, and the spatially
varying geometric point response. The iterative
approach can also provide estimates of the recon-
structed errors. Kinetic parameters and errors are
more accurate when the full covariance matrix of the
sampled data (including both reconstructed sampled
blood and tissue data) is used as a weighting matrix
rather than ignoring the errors and using a weighting
matrix of equal errors in the fitting procedure.98 With
today’s computers, it is now possible to obtain recon-
structions and error estimates from direct matrix
inversion using singular value decomposition (SVD)
of matrices.96,103

3. It was demonstrated that dynamic cardiac SPECT is
able to obtain parametric images at the resolution of
conventional cardiac SPECT images (see section Esti-
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mation of Parametric Images). An important break-
through in this work was being able to develop
methods for extracting automatically blood time-
activity curves from the data without having to draw
ROIs. This is done by extracting unique factors and
factor coefficients from dynamic reconstructed data
using maximum entropy techniques, postprocessing
methods that use physiologic constraints, and least-
squares techniques with penalty terms that encour-
age factors to be positive and orthogonal.110 These
methods were successfully applied to the important
clinical problem of eliminating liver activity that
overlaps the inferior wall of the left ventricle in Tc-
99m–teboroxime studies.112

4. Results of canine experiments were presented that
demonstrate that dynamic cardiac SPECT is able to
obtain estimates of flow kinetics using Tc-
99m–teboroxime and Tl-201. An important key
result emerging from this work is that the washin
parameters of Tc-99m–teboroxime and Tl-201
provide greater defect contrast than can be obtained
with static imaging of these radiopharmaceuti-
cals.27,31 It is anticipated that the estimation of
kinetic parameters will yield greater dynamic range
than the mapping of flow that is based on the inten-
sity uptake of the radiopharmaceutical from a static
study, which is the method typically used with Tl-201
to detect ischemia or infarct. Dynamic cardiac
SPECT not only enhances the capability of Tl-201 to
measure tissue viability but it also makes it possible
for Tc-99m–teboroxime to measure tissue viability,
which was thought impossible when investigated
using static cardiac perfusion SPECT. It is known that
Tc-99m–teboroxime follows flow linearly over a
longer range of flows than does either Tl-201 or Tc-
99m–sestamibi. This means that the use of dynamic
SPECT with Tc-99m–teboroxime may be better to
predict coronary flow reserve using a rest and a
stress study.

What would be the best tracer for dynamic cardiac
SPECT? In PET, H2

15O and 13NH3 are most often used for
measuring CFR, but there have been some reports of
using Rb-82.37 H2

15O is preferred because of its high
extraction and linearity of uptake with flow, even at high
flows associated with pharmacological stress. However,
an additional inhalation of C15O, which tags to hemo-
globin, is needed to subtract the high concentration in
the blood pool from the tissue. In SPECT, the results of
Chiao and colleagues30 show that washin and washout
estimates of Tc-99m–teboroxime for the entire left ven-
tricular myocardium changed significantly in response
to coronary vasodilatation. Therefore, quantitative com-
partmental analysis of Tc-99m–teboroxime kinetics 
provides a sensitive indicator for changes in estimates
of washin in response to adenosine-induced coronary

vasodilatation. Our results corroborate these findings. In
addition, we show that dynamic imaging of teboroxime
with compartment modeling provides a better measure
of flow (better contrast) than can be obtained from
static imaging of Tl-201,31 or for that matter, static
imaging of Tc-99m–teboroxime.31 In fact, dynamic
SPECT may provide advantages, because it may enable
better measurement of both perfusion and viability.
Dynamic cardiac SPECT imaging with Tl-201 could
potentially be useful for measuring CFR, but a flow
agent is needed with a larger range of flow values for
which the extraction fraction remains linear as a func-
tion of flow.

There are several possible tracers that can be used as
chemical “microspheres.” The agent Tc-99m–
tetrofosmin showed promising initial results for calcu-
lating CFR using a single-detector SPECT system.139

Technetium-99m–tetrofosmin has an extraction frac-
tion less than another commonly used diffusible radio-
tracer, Tc-99m–sestamibi. It has been suggested that
Tc-99m–sestamibi is also a possible tracer for calculat-
ing CFR using this “microsphere” technique.139 Iodor-
otenone151 is another potential agent that has an even a
higher extraction fraction than these commonly used
compounds, and may also be a useful tracer for calcu-
lating CFR. Further work is required to evaluate the
“microsphere” method for calculating CFR in compari-
son with dynamic SPECT and dynamic PET imaging of
agents with fast turnover.

In addition, the dynamic SPECT methods developed
may be useful for evaluating myocardial function using
other tracers, such as the glucose analog F-18-FDG,96

the fatty acid I-123-IPPA,96 and Tc-99m–N-NOET.152 The
agent Tc-99m–N-NOET has features of greater redistrib-
ution and linearity with flow, persistent with a higher
level of hyperemia than any current agent but has not
been introduced because of other physical disadvan-
tages. Technetium-99m–N-NOET is a neutral compound
like Tc-99m–teboroxime, with slower myocardial clear-
ance, which makes this agent a potential better alterna-
tive for dynamic cardiac SPECT imaging than either
Tl-201 or Tc-99m–teboroxime.

Further work is needed in the following areas:

1. Determine how dynamic SPECT approaches for
measuring perfusion defects, viable tissue, and CFR
can be better evaluated and tested in humans.
Specifically, systematic studies should be done to
define the distribution of absolute CFR in both
normal and abnormal hearts, and to determine
how the common factors that can diminish CFR
affect regional reserve, especially in small subendo-
cardial regions.

2. Develop better perfusion and metabolic tracers and
provide easier access to present perfusion and
metabolic tracers. D
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3. Create technological advances that improve SPECT
imaging systems so that they better facilitate
dynamic imaging. In the past, SPECT systems have
been limited by low sensitivity, and poor spatial
and temporal resolution, as a result of the neces-
sary mechanical rotation of the detector. Ideally,
dynamic imaging is best accomplished by a multi-
detector or ring system.

4. Make improvements in data acquisition. Manufac-
turers need to provide list mode acquisition on all
SPECT camera systems with timing marks, and
electrocardiographic and respiratory gating 
signatures.

5. Provide improved computing hardware. The manu-
facturers need to supply computer hardware and
disk storage that will allow for the processing and
storage of large dynamic data sets.

6. Develop automated data analysis techniques. A crit-
ical component in the analysis of dynamic cardiac
SPECT data is the successful extraction of time-
activity curves for ROIs in the blood and heart
tissue. Automatic data segmentation techniques 
are vital for the processing of dynamic SPECT data
because of the large amount of data, which makes
it essential to minimize operator involvement, and
for efficient production of accurate and repro-
ducible results within a study as well as between
studies performed at other times.

7. Develop data processing techniques to estimate
kinetic parameters directly from projection 
data acquired from SPECT systems with rotating
detectors.

8. Develop accurate models of the physics (attenua-
tion, scatter, and depth-dependent resolution) of
the image detection process. The development of
better models will improve the bias of the esti-
mated kinetic parameters. Also, it is important to
accelerate the computation of these algorithms so
that they are clinically feasible.

9. Develop data processing techniques to simultane-
ous model cardiac deformation and tracer kinetics.
Cardiac motion, lung motion, and patient motion
tend to mix the blood and tissue in the input blood
ROI biasing the estimates of the model parame-
ters.96 Also, accurate measure of wall motion is
important for determining viable myocardial tissue.

10. Perform dynamic imaging for every cardiac study.
Allow for dynamic acquisition where the acquired
data can be reformatted to provide a conventional
imaging data set. The input function can then be
used to normalize results, which is important for
comparisons with follow-up studies.

In summary, SPECT has become an important diag-
nostic tool in cardiovascular nuclear medicine, and the
role of radionuclide procedures using SPECT for diagno-
sis and therapeutic planning continues to grow. Because
cardiovascular disease continues to be prevalent in the
population, those tests that allow noninvasive assess-
ment of cardiac function, such as those involving
dynamic cardiac SPECT, will continue to play an impor-
tant role in clinical nuclear medicine. Our results27–29,31

and those of others26,30 have demonstrated that
dynamic cardiac SPECT allows for more versatility in
probing the physiologic properties of the myocardium
and better utilization of the diagnostic potential of Tc-
99m–teboroxime and Tl-201, and may be a more sen-
sitive measure of ischemia and viability than static
imaging of these perfusion agents. The further develop-
ment of dynamic cardiac SPECT is essential to fully use
the potential that agents, such as Tc-99m–teboroxime,
offer for human use. With proper attention to data
acquisition and the processing of dynamic data, infor-
mation about kinetic parameters can be obtained from
noisy data sets, which will make dynamic SPECT a
useful tool in clinical nuclear cardiology.

Dynamic SPECT imaging is exploring a new frontier
in medical imaging, which involves the development of
new imaging hardware, radiopharmaceuticals, and data
processing algorithms. Its development has significant
implications not only for advancing nuclear cardiology
but also for improving the imaging of cardiac and other
organ systems with all imaging modalities. The progress
made in dynamic SPECT imaging has potential for new
applications, such as in imaging other organ systems
such as the brain153 and kidneys,111,154,155 and in imaging
tumors to differentiate malignant and benign tissue. The
opportunities also include repeated brain activation
studies, pulmonary transaxial function studies,156,157 and
other organ studies that include applications of metab-
olism and receptor binding. The mathematical tools
developed may also have significant implications for
application to other imaging modalities such as the
analysis of MRI kinetic data of the perfusion of endoge-
nous excited protons,158,159 and the analysis of dynamic
x-ray CT dynamic data of the perfusion of contrast media.
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